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The mammalian hippocampus, a center of neurogenesis in the adult brain, is involved in critical
functions such as learning and memory processing. Although there is an overall functional conservation
between birds and mammals in the hippocampal region of the brain, there are several morphological
differences. A few different models have been proposed for identifying regional and structural
homology between the avian and mammalian hippocampus however a consensus is yet to be reached.
In this study we have systematically and comprehensively characterized the developing chicken
hippocampus at the molecular level. We have identiﬁed the time window of neurogenesis and
apoptosis during hippocampal development as well as the likely origin and migration path of neurons
of the ventral v-shaped region of chick hippocampus. In addition to this we have identiﬁed several
genes with expression patterns that are conserved between the hippocampus of chicken and mice.
Our study provides molecular data that partially supports one of the models reported in literature for
structural homology between the avian and mammalian hippocampus. Functional characterization of
the genes found in this study to be speciﬁcally expressed in the developing chicken hippocampus is
likely to provide valuable information on the mechanisms regulating hippocampus development of
birds and perhaps could be extrapolated to mammalian hippocampus development as well.
& 2012 Elsevier Inc. All rights reserved.Introduction
The telencephalon of the vertebrate brain is divided into a
dorsally located pallium and a ventrally located subpallium. The
dorsal pallium is the center of higher cognitive functions and
is responsible for complex behavior observed in an animal.
In mammals, the caudo-medial region of the dorsal pallium is
known as the hippocampus which is involved in spatial naviga-
tion, learning and processing of memory. Based on morphological
and functional criteria the mammalian hippocampus is divided
into the following sub-regions: the dentate gyrus, the Ammon’s
horn (cornu ammonis) region comprising of the CA ﬁelds (CA1–
CA4) and the subiculum (Lorente de No, 1934) (Fig. 1A).
A region of the brain functionally homologous to the mamma-
lian hippocampus is found in all vertebrates from teleosts to aves
(Ka¨llen, 1962; Kuhlenbeck, 1938; Rodriguez et al., 2002). Evolutio-
narily, birds are close to mammals; yet, the mammalian hippo-
campus is considerably different from the avian hippocampus inll rights reserved.
ail.com (J. Sen).
titute of Technology, Kanpurterms of morphology and cyto-architecture. The mammalian
hippocampus has morphologically distinct subdivisions such as
dentate gyrus and the Ammon’s horn region which can be easily
distinguished from the laterally positioned subiculum and entorh-
inal cortex. In contrast, the avian hippocampus is composed of a
nearly homogeneous arrangement of closely packed neurons
which progressively merge into the parahippocampal (APH) region
without precise boundaries. Despites these morphological dissim-
ilarities, the avian hippocampus is functionally similar to the
mammalian hippocampus. This is evident from the studies demon-
strating the presence of long term potentiation (LTP) in chicken
hippocampal slices (Margrie et al., 1998) and defects in spatial
learning produced on damage to the hippocampal area (Bingman,
1992). In fact the avian hippocampal formation is an organized
system for learning and memory that the birds utilize for long
distance navigation, sun compass associative learning, homing and
retrieval of stored food (Bingman et al., 2005; Budzynski et al.,
2002; Sherry and Vaccarino, 1989).
Several criteria have been used to deﬁne the subdivisions of
the hippocampal formation in different bird species such as the
emu, zebra ﬁnch and pigeon (Craigie, 1935; Karten and Hodos,
1967; Szekely, 1996). The earliest studies by Karten and Hodos
based on histological analysis divided the pigeon hippocampal
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Fig. 1. Schematic representation of the adult mammalian and avian hippocampus depicting different sub-regions. (A) Coronal section through the adult mammalian
hippocampus with the subdivisions such as (DG) Dentate gyrus, (CA1–3) CA-ﬁelds or Ammon’s horn, (B) coronal section through the adult avian forebrain at the
hippocampal region. This is based on the sub-regions of the pigeon hippocampus from Atoji and Wild (2006).
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APH (Karten and Hodos, 1967). In subsequent studies the pigeon
hippocampal formation was divided into a total of seven subdivi-
sions on the basis of immunohistochemical studies with different
antibodies (Erichsen et al., 1991; Krebs et al., 1991). Further
studies based on evoked ﬁeld potentials reduced the number of
hippocampal subdivisions to ﬁve (Siegel et al., 2000). Recently
based on tract tracing and histological analysis (Atoji and Wild,
2006, 2004) the pigeon hippocampus has been divided into the
following major subdivisions namely the dorso-medial region
(DM), the dorso-lateral region (DL), the triangular region (T) and
the ventro-medial (VM) and ventro-lateral (VL) arms of the
ventral v-shaped region (Fig. 1B).
Various models based on development, path tracing, connec-
tivity of the hippocampal neurons, immunohistochemistry and
electrophysiology have been proposed to determine the structural
homology between the mammalian and avian hippocampus
(Erichsen et al., 1991; Kuhlenbeck, 1938; Margrie et al., 1998;
Montagnese et al., 1996; Redies et al., 2001; Siegel et al., 2002)
but the precise regional homology is still unclear. According to
the studies based on tract tracing, the DM region of the avian
hippocampus was proposed to be homologous to mammalian
dentate gyrus and ventral v-shaped region to be homologous to
the Ammon’s horn (Kahn et al., 2003) but these studies only
considered the intrinsic connection between the sub-regions of
avian hippocampus and did not take into account the afferent and
efferent projections of the hippocampal neurons. Recently, on the
basis of retrograde and anterograde tract tracing and kainic acid
lesions it has been proposed that the DM subdivision exhibits
properties of both the mammalian Ammon’s horn and the
mammalian subiculum (Atoji and Wild, 2004). Also connections
in the ventral v-shaped region are more intrinsic in nature and
project to the DM area of the avian hippocampus. This neuronal
circuitry resembles the mossy ﬁber pathway of mammalian
dentate gyrus, hence the ventral v-shaped region has been
proposed to be homologous to mammalian dentate gyrus (Atoji
and Wild, 2004).
The hippocampus is the seat of learning and memory and the
dentate gyrus within it is one of the major adult neurogenic niches
(Altman and Das, 1965a, b, 1966; Bayer, 1980; Cameron and
McKay, 1998; Kempermann et al., 1997a, b). Thus understanding
the genetic mechanisms that orchestrate neurogenesis and neu-
ronal differentiation during hippocampus development would
provide valuable insight into mechanisms regulating the produc-
tion and maintenance of neural stem cells. Development of the
mammalian hippocampus has been studied mostly through loss of
function studies where genes such as Prox1 (Lavado et al., 2010)
and NeuroD (Miyata et al., 1999; Schwab et al., 2000) expressed inthe developing hippocampus have been knocked out in mice. From
the loss of function studies it has been deduced that both Prox1
and NeuroD1 play key roles in maturation of granule cells in the
dentate gyrus (Lavado et al., 2010; Schwab et al., 2000). These
studies along with many others have yielded considerable amount
of information about the roles of several gene products in
regulating the development of the mammalian hippocampus.
However, a comprehensive understanding of the regulation of
production and differentiation of hippocampal neurons is still
lacking. Generation of mice with loss of function of multiple genes
in a tissue-speciﬁc and/or temporally regulated manner maybe
necessary in order to obtain a complete understanding of the
mechanisms regulating hippocampal neurogenesis and differen-
tiation. This would not only be technically challenging but also
time-consuming and expensive. Alternatively the chicken embryo
which has certain distinct advantages as a model system for
studying development and differentiation could be used to gain
mechanistic insight into hippocampus development. The fact that
there is functional conservation between the mammalian and the
avian hippocampus (Colombo and Broadbent, 2000) indicates that
the genetic pathways regulating the development of the mamma-
lian hippocampus are also likely to be conserved in birds. Besides
this, loss of function of the required genes can be achieved in the
developing chick embryo through RNAi-mediated knock-down of
transcripts (Smith et al., 2009) in a much more economical and
time-efﬁcient manner than the generation of mice with loss of
function of the same genes. Keeping the aforementioned facts in
mind we have carried out this study to characterize the develop-
ment of the chicken hippocampus at the molecular and cellular
level with the intention of establishing it as a useful model system
to study hippocampus development. In the process we have found
conservation in the expression patterns of a few key regulators of
hippocampus development between the mouse and the chicken
hippocampus. In this study gene expression patterns have been
compared between the developing mammalian and chicken hip-
pocampus, providing a molecular basis for deﬁning structural
homology between the two.Materials and methods
Chick eggs and embryos
Fertilized White Leghorn chicken eggs were procured from the
following sources: (1) U.P. Government Poultry Farm, Chak
Gazaria, U.P., India. (2) Central Avian Research Institute, Bareilly,
U.P., India and (3) Santosh’s poultry farm, Nankari village, Kanpur,
U.P., India.
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until the embryos were at the desired stage. Embryos were staged
in accordance with Hamburger and Hamilton (1992).
Tissue preparation
Brains were harvested from the chicken embryos at the
desired stage and ﬁxed in 4% paraformaldehyde (PFA). Subse-
quently the ﬁxed brains were dehydrated ﬁrst in 15% sucrose in
phosphate buffered saline (PBS) and then in 30% sucrose in PBS.
Dehydrated brains were embedded in OCT medium (EMS, 62550-01)
and sectioned along the coronal plane to generate 15 mm thick
sections using a cryostat (Leica CM1850). The sections were collected
on poly-D-lysine coated glass slides.
RNA in-situ hybridization
RNA in-situ hybridization was carried out on frozen sections as
previously described (Trimarchi et al., 2007). The Digoxigenin-
labeled riboprobes for RNA in-situ hybridization were generated
from the cDNA clones that were obtained from the following
sources: (1) Chicken EST (ChESTs) obtained from the ChEST clone
collection at Source Bioscience (earlier known as MRC Geneser-
vice, U.K.). The following Chicken ESTs clones were used in this
study (the corresponding gene name for each ChEST is provided
within brackets next to it): ChEST-2739d12 (Neuropilin2), ChEST-
738m9 (BOK), ChEST-706n17 (IGFBP5), ChEST-739j24 (ETV-1),
ChEST-695K11 (NeuroD1), ChEST-734K11 (Draxin), ChEST-
649n81 (Hes5) and ChEST-49e24 (Prox1). (2) cDNA clones corre-
sponding to EphA4 and Lef-1 are generous gifts from Elena
Pasquale and Juan Carlos Izpisua Belmonte respectively and have
been described previously (Holash and Pasquale, 1995; Kengaku
et al., 1998). (3) The cDNA for Eomesodermin was cloned after
ampliﬁcation by RT-PCR using the following forward primer:
50 TGCATTACGATTGCCAAAAA 30 and reverse primer: 50 GCCAACT-
GCTCTGTGAACAA 30. Fluorescent double RNA in-situ hybridiza-
tion was performed using the Tyramide ampliﬁcation kit (Invitro-
gen-T30955) according to the protocol described previously
(Trimarchi et al., 2007) with the following modiﬁcations: one probe
was labeled with digoxigenin-UTP and the second probe was labeled
with ﬂuorescein-UTP. Blocking was done in 20% HINGS (Heat-
inactivated goat serum) in MABT (100mM Maleic acid, 150 mM
NaCl, 1 mM EDTA, 0.1% tween-20) for 1 h. Sections were incubated
with anti-digoxigenin antibody conjugated to POD (Roche;
11207733910) and anti-ﬂuorescein antibody conjugated to POD
(Roche; 11426346910) in 2% HINGS at 4 1C overnight. Slides were
washed in MABT instead of TNT, before and after antibody incuba-
tion. Detection of ﬂuorescent signal was done as described previously
(Trimarchi et al., 2007). Sections were photographed using the Leica
DFC 500 camera attached to the Leica DM5000B microscope.
Edu labeling and TUNEL assay
For detection of proliferating cells fertilized White Leghorn
chicken eggs incubated for the desired time were injected with
the following concentrations of the thymidine analog EdU (Invi-
trogen C10338): (i) 25 mg in 200 mL PBS at Hamburger and
Hamilton stage (HH stage) 34 or Embryonic day 8, (ii) 70 mg in
200 ml PBS at HH stage 36 or Embryonic day 10 and (iii) 80 mg in
200 ml PBS at HH stage 38 or Embryonic day 12. Brains were
harvested from embryos 2 h after EdU injection, ﬁxed in 4% PFA,
dehydrated in 15% and 30% sucrose in PBS and embedded in OCT.
15 mm thick frozen sections from these brains were processed for
EdU detection using the CLICK-IT Edu-labeling kit (Invitrogen,
C10338) according to the manufacturer’s protocol. For detection
of apoptotic cells, brains from embryos of desired age wereharvested, ﬁxed in 4% PFA and processed for generating cryosec-
tions as described previously. 15 mm thick frozen sections were
collected on poly-D-lysine coated slides. Apoptotic cells were
detected using the TUNEL (terminal neucleotidyl transferase UTP
nick end labeling) labeling kit (Roche, 12156792910) according to
manufacturer’s protocol. Samples were counterstained with DAPI
in PBS. Sections were photographed using the Leica DFC 500
camera attached to the Leica DM5000B microscope.
Cumulative and 4 h pulse EdU-labeling, followed
by immunohistochemistry for Prox1
For cumulative labeling chicken eggs of desired stages of
development were windowed through the air sac and injected
with the following concentrations of the thymidine analog EdU
(Invitrogen C10338) in the amniotic sac: (i) 20 mg in 200 mL PBS at
HH stage 29 or Embryonic day 6, (ii) 50 mg in 200 ml PBS at HH
stage 34 or Embryonic day 8 and (iii) 60 mg in 200 ml PBS at HH
stage 36 or Embryonic day 10. After injection, the window was
covered by plastic tape and the eggs were further incubated for 8,
6 and 4 days (for cumulative experiments) until they were at HH
stage 40 (Embryonic day 14) followed by harvesting of the brains.
For pulse labeling the eggs at HH stage 29 or Embryonic day
6 were injected with 15 mg of EdU in 200 mL PBS, harvested after
4 h and processed for organotypic slice culture followed by Prox1
immunohistochemistry. Cumulatively labeled brains were ﬁxed
in 4% PFA overnight at 4 1C, dehydrated in 15% and 30% sucrose in
PBS and embedded in OCT. 15 mm thick frozen sections from
these brains were processed for EdU detection using the CLICK-IT
Edu-labeling kit (Invitrogen, C10338) according to the manufac-
turer’s protocol. For Prox1 immunochemistry EdU labeled sec-
tions were washed in 1XPBT(PBS with 0.5% tween-20) three times
for 10 min each at room temperature and further subjected to
blocking for 1 h in 5% heat-inactivated goat serum. After blocking,
sections were incubated overnight in 4 1C with anti-Prox1 poly-
clonal antibody diluted 1:500 in 1XPBS (Sigma Prestige antibody,
Cat. No. P7124). Sections were washed with 1XPBT and incubated
with Dylight 555 conjugated secondary anti-rabbit antibody
(Jackson Immunoresearch, Cat. No. 111505003) for 30 min at
room temperature. Sections were counter stained with DAPI and
mounted in Vectashield mounting medium (Vector labs).
Organotypic slice culture
Slice culture from the embryonic chicken forebrain region was
prepared as follows: HH stage 34 (Embryonic day 8) and HH stage
29 (Embryonic day 6) chicken brains were dissected in cooled 1X
HBSS (Hanks balanced salt solution). 1 mg of DNA corresponding
to the construct pCAG-GFP (Matsuda and Cepko, 2004) in 10 mM
Tris pH 8.0 with 0.01% fast green (Fluka F7258) was injected into
the lateral ventricle on one side of forebrain using a pulled glass
needle attached to a microinjector (PV820, World Precision
Instruments). Brains injected with pCAG-GFP DNA were then
electroporated by applying 5 pulses of 20 V with a pulse length
of 950 ms using Tweezertrode electrodes (BTX, Harvard appara-
tus, USA) and a square wave pulse electroporator (ECM830
Harvard instruments, USA). Electroporated brains were immedi-
ately embedded in 3% Low melting point (LMP) agarose (Sigma
A9414). 300 mm thick slices were prepared from these brains
using a vibratome (Leica VT1000S) and placed on the membrane
culture well inserts (Millipore, PICM03050). Slices were cultured
in 2 ml of DMEM supplemented with B-27 (Gibco) at 37 1C and 5%
CO2 for the required time. Slices were photographed using a
camera (Leica DFC 500) attached to a compound microscope
(Leica DM5000B ).
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forebrain slices
Cultured slices from embryonic chicken brains were ﬁxed in 4%
PFA for 20 min at room temperature and washed in 1XPBT three
times for 30 min each. Slices were blocked in 5% goat serum for 1 h
and incubated with anti-Prox1 antibody (Sigma Prestige antibody,
Cat. No. P7124) diluted 1:300 in 1XPBS for 24 h at 4 1C. After
primary antibody incubation, slices were washed with 1XPBT three
times for 10 min each at room temperature. Primary antibody was
detected by incubating in Dylight 555 conjugated anti-rabbit sec-
ondary antibody (Jackson Immunoresearch, Cat. No.111505003) for
3 h at room temperature. Slices were mounted in Vectashield
mounting medium (Vector labs). The slices were imaged on the
TCS SP2 confocal microscope from Leica Microsystems.Results
The origin and migratory path of the chicken hippocampal neurons
The neurogenic zones that give rise to the hippocampal
neurons of the mammalian hippocampus have been established
through systematic studies (Altman and Bayer, 1990b; Bayer and
Altman, 1974). In contrast there have been no studies to demon-
strate the exact origin of and migration path followed by avian
hippocampal neurons. It is possible that the neurogenic zone that
gives rise to the chicken hippocampal neurons is limited to the
medial lining of the lateral ventricle adjacent to the hippocampal
primordium (marked in red in Fig. 2A and henceforth referred to
as the hippocampal neurogenic zone or HNZ). If HNZ is the
primary source of chicken hippocampal neurons then they must
be undergoing radial migration (red arrows in Fig. 2A) in order to
reach their ﬁnal position within the hippocampus. On the other
hand chicken hippocampal neurons may very well arise from the
lining of the lateral ventricle that is diametrically opposite to the
hippocampal primordium (marked in black in Fig. 2A and hence-
forth referred to as the lateral neurogenic zone or LNZ). In that
case these newly born neurons would undergo tangential migra-
tion (shown by black arrows in Fig. 2A) to reach their ﬁnal
destination within the hippocampus. There is evidence of tangen-
tial dispersion along the rostro-caudal axis of neurons that are
clonally related in the chicken telencephalon (Szele and Cepko,
1996). In addition to this another study using quail-chick chi-
meras demonstrated that the majority of interneurons within the
pallium originate from the sub-pallium and undergo tangential
migration to reach their ﬁnal destination (Cobos et al., 2001).
Thus based on this quail–chick chimera study one can predict that
the hippocampal interneurons may originate in the subpallium
and migrate tangentially to the hippocampus. However the origin
and migratory path of the rest of the hippocampal neurons
remains unknown. We have developed an embryonic forebrain,
slice-culture based, cell-tracking approach to address this issue
and attempt to elucidate the migratory path followed by the new-
born hippocampal neurons in the chicken.
Migration of neurons has been studied in the developing
mouse hippocampus by in-utero electroporation of a plasmid
expressing EGFP driven by the CMV enhancer and the chicken
b-actin promoter (Nakahira and Yuasa, 2005). The GFP-labeled
neurons after electroporation were followed over time to deter-
mine their migratory path. However, there are no reports of
neuronal migration being studied for the hippocampal region of
the chicken forebrain. Therefore, in order to study the origin and
migratory path of the hippocampal neurons in chicken we ﬁrst
established slice cultures from embryonic chicken forebrains at
Hamburger and Hamilton stage 34 (HH stage 34) or embryonicday 8 (E8), following protocols used for embryonic mouse hippo-
campal slice cultures (Tole et al., 1997) with some modiﬁcations
(described in the Section ‘‘Materials and methods’’). Subsequently
we used a cell-tracking method based on electroporation of a GFP
expressing vector into the cells of the neuroepithelium in these
slice cultures to follow the migration of newborn hippocampal
neurons. We chose HH stage 34 or E8 as the stage at which to
generate slice cultures as this was the stage at which neurogenesis
is still ongoing in the chick forebrain and experiments carried out
with slices made from later stages failed to detect signiﬁcant
migration. Slices from these electroporated forebrains were cul-
tured in-vitro for several days and the GFP-labeled neurons were
then followed by ﬂuorescence imaging of these slices at regular
intervals e.g. 4 h, 12 h, 18 h, 24 h, 48 h, 68 h and 120 h after
establishing the culture. These time points were chosen based
on the fact that the GFP expression in the electroporated slices was
ﬁrst detected 4 h after electroporation. Depending on the orienta-
tion of the electrodes during electroporation either the cells of the
HNZ or the LNZ exclusively take up the DNA. The slice that had
GFP-labeled cells in the HNZ was monitored for three days
(Fig. 2B–E and B0–E0) and it was observed that most of the cells
labeled with GFP underwent radial migration (direction of migra-
tion shown by white arrows in Fig. 2C) till they reached their ﬁnal
position within the developing hippocampus (outlined in black
dotted line in Fig. 2B). On the other hand in the slice where the
cells in LNZ were labeled with GFP (Fig. 2F–H) it was observed that
even after 168 h none of the cells had migrated to the hippocam-
pal region. Instead all of the cells appeared to have migrated
radially towards the lateral part of the slice (direction of migration
shown by white arrows in Fig. 2G). The directional electroporation
resulting in selective GFP labeling of cells either within the HNZ or
the LNZ was repeated four times in each case and the correspond-
ing slice cultures were monitored for ﬁve days. In all of the slices
examined from the electroporated brains, cells labeled with GFP
were never observed to migrate tangentially from the LNZ towards
the hippocampal region.
Hippocampal neurogenesis and apoptosis in the chick embryo
Till date there has been no study directed towards character-
izing neurogenesis in the hippocampal region of the developing
avian brain. Based on our slice-culture experiments described in
the previous section it is likely that most of the hippocampal
neurons, (excluding the interneurons) are produced within the
HNZ (red hatched area in Fig. 3H) while the LNZ (black area in
Fig. 3H) mostly produces neurons of the ventral and lateral
regions of the chick forebrain. In this study we have carried out
spatial and temporal characterization of hippocampal neurogen-
esis in the embryonic chicken. We labeled the proliferating cells
with the thymidine analog EdU such that the cells in the S-phase
of the cells cycle could be visualized as cells labeled with red
ﬂuorescence which could then be quantitated. Thus we have
compared the levels of neurogenesis between the HNZ and the
LNZ at HH stage 34 (embryonic day 8 or E8) and HH stage 36
(embryonic day 10 or E10) (Fig. 3I and J).
The observation of EdU labeled cells within the HNZ and the
LNZ at embryonic days 8, 10 and 12 (E8, E10 and E12) corre-
sponding to HH stages 34, 36 and 38 respectively (Fig. 3A–C)
demonstrated the following: (1) proliferation appeared to have
ceased in the HNZ by E12 whereas it continued in the LNZ till HH
stage 42 (embryonic day 16 or E16) and (2) between E8 and E12
the number of EdU positive cells in the HNZ was always lower
than the number of EdU positive cells in the LNZ (compare Fig. 3A0
and A00, and the HNZ and LNZ in Fig. 3B0 and C0). These observa-
tions were further conﬁrmed by carrying out RNA in-situ hybri-
dization to detect the expression of PCNA in the HNZ and LNZ
Fig. 2. Migration of GFP-expressing cells from neuroepithelium in chicken hippocampal slice cultures. Schematic representation of a coronal section through the
embryonic chicken forebrain at the hippocampal region (A) showing the HNZ (red) and migration route of cells from HNZ (red arrows) and LNZ (black) with migration
route of cells from LNZ (black arrows). Images of E8 chicken forebrain slices electroporated with pCAG-GFP to visualize the migrating cells (B–H), with the black dotted line
in B denoting the hippocampal region and the HNZ and LNZ labeled in panels B and F. Bright ﬁeld images are superimposed with ﬂuorescent images in all the panels.
The images of slices cultured for various time points after electroporation with pCAG-GFP in the ventricular zone towards the hippocampal side i.e. HNZ (B–E) with yellow
arrows in C indicating direction of migration. GFP expressing cells migrating from the HNZ of the hippocampus after 4 h in culture (B), 18 h in culture (C), 48 h (D) and 68 h
in culture (E). High magniﬁcation images of boxed regions in B, C, D and E (B0 , C0 , D0 and E0). Images of slices cultured for various time points after electroporation with
pCAG-GFP in the ventricular zone towards the lateral side i.e. LNZ (F–H) with yellow arrows in G indicating direction of migration. GFP expressing cells migrating from the
LNZ after 24 h in culture (F), 96 h in culture (G) and 168 h in culture (H). The images of slices of chicken forebrain are oriented with lateral towards right, medial towards
the left, dorsal towards the top and ventral towards the bottom. Scale bar¼200 mm.
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proliferating cells in the S-phase of the cell cycle and previous
studies have shown that like EdU, PCNA can also serve as a
marker for cells in S-phase of the cell cycle (Kohler et al., 2005).
The level of PCNA expression was always observed to be lower in
the HNZ as compared to the LNZ until it almost disappeared
throughout the neuroepithelium at E16 (Fig. 3G).
Quantiﬁcation of proliferating cells at HH stage 34 (E8) and HH
stage 36 (E10) with the thymidine analog EdU revealed that the
number of proliferating cells in the HNZ is much lower than that
of the LNZ at E8 and E10. The number of proliferating cells within
each of these zones was calculated as follows: within a 20 mm
transverse section of the forebrain the area within the HNZ or the
LNZ that has red ﬂuorescent signal (EdU-labeled cells) was
measured (described in Supplementary methods). This measure-
ment was done for three sections taken from three different chick
embryos each at E8 and E10 (Supplementary Table 2). Assuming
that there is not much variation in nuclear size within theneuroepithelium, the total area of red ﬂuorescent signal is directly
proportional to the number of EdU labeled cells. The mean area of
red ﬂuorescent signal from the LNZ at E8 and E10 was almost
twice that of the HNZ at the same stages (Fig. 3I). This difference
in the number of proliferating cells between the HNZ and the LNZ
was signiﬁcant at E8 (P¼0.029) as well as at E10 (P¼0.001).
We also estimated the number of proliferating cells present per
unit area within the HNZ and the LNZ. This was obtained by
measuring the area of red ﬂuorescent signal within each zone and
dividing it with the total area of that zone. The mean number of
proliferating cells per unit area was slightly but not signiﬁcantly
different between the HNZ and LNZ at E8 (P¼0.355) and E10
(P¼0.085) (Fig 3J).
In order to ﬁnd out if this difference in the number of
proliferating cells between the HNZ and the LNZ was present
throughout the anterior–posterior extent of the chicken hippo-
campus we carried out quantiﬁcation of the EdU labeled cells
within sections taken from the anterior, middle and posterior
Fig. 3. Cell proliferation in chicken hippocampus. Schematic representation of a coronal section through the embryonic chicken forebrain at the hippocampal region,
showing HNZ and LNZ (H). EdU labeled cells (red ﬂuorescent signal) in a coronal cryosection of embryonic chicken forebrain from the hippocampal region at E8 (A), E10 (B)
and E12(C). High magniﬁcation images of EdU labeled cells from the boxed regions in A, B and C respectively in the HNZ (A0) and LNZ (A00) at E8, E10 (B0) and E12 (C0).
Images of chicken forebrain sections on which RNA-in-situ hybridization has been carried out to detect the expression of PCNA at E8 (D), E10 (E), E12 (F) and E14 (G). The
images in all panels are oriented with lateral towards right, medial towards the left, dorsal towards the top and ventral towards the bottom. Quantiﬁcation of EdU labeled
cells in HNZ and LNZ at E8 and E10 (I) and density of EdU labeled cells in neuroepithelium of HNZ and LNZ at E8 and E10 (J). Error bars show the standard deviation, p value
iso0.05.
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We found that the difference in the number of proliferating cells
between the HNZ and the LNZ was signiﬁcant in the anterior
hippocampus at E8 (P¼0.002) as well as E10 (Po0.005), in the
middle hippocampus at E8 (Po0.005) as well as at E10
(Po0.005) and the in posterior hippocampus at E8 (P o0.005)
as well as E10 (P o0.005). The number of EdU labeled cells in the
HNZ were also compared between the medial and lateral halves
of sections from the anterior, middle and posterior hippocampus
at E8 and E10 (Supplementary Tables 3 and 4). It was observed
that at E8 there was signiﬁcant difference in the EdU labeled cells
between the medial HNZ and the lateral HNZ in the anterior
hippocampus (P¼0.001), in the middle hippocampus (Po0.005)
as well as the posterior hippocampus (P¼0.01). However at E10
there was no signiﬁcant difference in the EdU labeled cells
between the medial HNZ and the lateral HNZ in the anterior
hippocampus (P¼0.717), in the middle hippocampus (P¼0.765)
as well as in the posterior hippocampus (P¼0.725).
In many regions of the developing vertebrate central nervous
system (CNS) neurons are generated in excess and later the
number of neurons is reduced through programmed cell death.
In order to gage the role played by programmed cell death in the
developing chick hippocampus we examined the extent of apop-
tosis present in the hippocampal region of the chick brain from
HH stage 26 (E5) to HH stage 40 (E14). TUNEL reaction was carried
out on frozen sections from chicken brains at HH stage 26 (E5), HH
stage 29 (E6), HH stage 31 (E7), HH stage 34 (E8), HH stage 35 (E9),
HH stage 36 (E10), HH stage 38 (E12), HH stage 39 (E13) and HHstage 40 (E14). Signiﬁcant numbers of TUNEL positive cells were
observed in the presumptive hippocampal region only in sections
from HH stage 29 (E6) (Fig. 4B). There were very few TUNEL positive
cells in sections from chicken brains at HH stage 26 (E5) (Fig. 4A) and
at HH stage 31 (E7) (Fig. 4C) also the number of TUNEL positive cells
decreased dramatically as compared to E6. No TUNEL positive cells
were observed within the developing hippocampus when TUNEL
reaction was carried out on chicken forebrain sections from E8–E14
(data not shown).
Spatially and temporally restricted gene expression patterns in the
developing chick hippocampus
There have been some studies on the adult chicken hippo-
campus to morphologically and functionally characterize it (Molla
et al., 1986; Sandi et al., 1992; Suge and McCabe, 2004; Tombol
et al., 2000). However, the chicken hippocampus has not been
characterized molecularly at embryonic stages. In order to iden-
tify the genes expressed within the developing hippocampus in
the chicken that may play important roles in the development
and differentiation of neurons within this region we used a
candidate gene approach based on the assumption that the genes
regulating hippocampus development are likely to be conserved
between mammals and birds. We searched the published litera-
ture and generated a list of genes that are expressed in the
developing mouse hippocampus. In this list we also included
the chicken orthologs of some genes found to be expressed in
the adult mammalian hippocampus. We then proceeded to test
Fig. 4. Apoptosis in the chicken hippocampal primordium. Cryosections in the coronal plane of the embryonic chicken forebrain showing TUNEL positive cells (white
arrowhead) in the dorsal neuroepithelium of E5 forebrain (A), in the (white arrowheads) neuroepithelium of the presumptive hippocampal region at E6 (B) and in the
(white arrowheads) neuroepithelium of the presumptive hippocampal region at E7 (C). The images are oriented with lateral towards right, medial towards the left, dorsal
towards the top and ventral towards the bottom. Insets contain high magniﬁcation images of TUNEL positive cells in each ﬁgure. Scale bar¼100 mm.
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developing chick hippocampus. Supplementary Table 1 contains the
complete list of mouse genes and their chicken orthologs whose
expression were examined in the developing chicken hippocampus.
We carried out RNA in-situ hybridization to detect the mRNA
corresponding to each of these genes in sections of the chicken
forebrain at developmental stages ranging from HH stage 26 to HH
stage 44 (E5 to E18) and the ﬁndings are summarized below.
Expression began at HH stage 34 (E8) for most of the genes that
were found to be speciﬁcally expressed in the chicken hippocampus
and expression continued at least till HH stage 40 (E14) in all cases.
Of the thirty seven genes in the list we found chicken
orthologs of ten (highlighted in blue in Supplementary Table 1)
to be expressed speciﬁcally within the developing chicken hippo-
campus. In addition to this there were six genes (highlighted in
green in Supplementary Table 1) the chicken orthologs of which
had expression within the hippocampus as well as expression
elsewhere in the forebrain. Of these six gene products, four
namely Ly6e, Ngef, Hes5 and Tiam1 were found to be expressed
at relatively higher levels in the hippocampus as compared to
their expression in other regions of the chick forebrain (data not
shown). Fgfr1, another one among these six, was expressed in the
entire neuroepithelium including the HNZ. The last member of
this group, Eomesodermin, which is the chicken ortholog of Tbr1,
was found to be expressed in a layer of cells just adjacent to entire
neuroepithelium including the HNZ (data not shown).
Genes that were found to be expressed in the developing chick
hippocampal region had different spatial and temporal expression
patterns. We categorized these genes into the following four
groups based on their expression patterns: (1) genes expressed
throughout the developing hippocampus (pan-hippocampal), (2)
genes expressed in the ventral v-shaped region of the hippocam-
pus, (3) genes expressed in the dorsal–medial region (DM region)
and (4) genes which were expressed in different sub-regions of
the hippocampus at different stages of development (transitory).
The various sub-domains of the hippocampus e.g., the ventral
v-shaped region, the DM region and the DL region are depicted in
the schematic representations of the hippocampal region at E8,
E10, E12 and E14 for comparison with the images showing the
expression of genes in different sub-domains (Fig. 5I–L).
Neuropilin2, a Semaphorin receptor and EphA4 a member of
the Eph family of receptor tyrosine kinases were reported to be
expressed throughout the hippocampus in mice (Chen et al.,
1997; Liebl et al., 2003). This expression appeared to be conserved
in the chicken since both Neuropilin2 (Fig. 5A–D, Supplementary
Fig. 4A–D) and EphA4 (Fig. 5E–H, Supplementary Fig. 4E-H) were
observed to be expressed throughout the whole hippocampus
(pan-hippocampal) beginning at E8 till E14. From E8 to E12 the
expression of Neuropilin2 in addition to being present across the
entire hippocampus was also seen in a layer adjacent to theneuroepithelium of the HNZ (region between black arrowheads in
Fig. 5A–C) as well as adjacent to the neuoepithelium of the LNZ
(region between red arrowheads in Fig. 5A–C). The expression of
Neuropilin2 in the cells adjacent to the neuroepithelium progres-
sively diminished from E8 to E12 and was virtually absent at E14
(Fig. 5D).
Prospero homeobox protein 1 or Prox1 was reported to be
expressed speciﬁcally in the granule cells of the dentate gyrus
region of the mammalian hippocampus in the embryonic as well
as adult stages (Galeeva et al., 2007; Lavado and Oliver, 2007;
Oliver et al., 1993). In the chicken we observed that Prox1 is
expressed from embryonic days 8 to 14 (E8–E14) in the ventral
v-shaped region of the hippocampus (Fig. 6A–D, Supplementary
Fig. 4I–L). Another gene that is also expressed in the ventral
v-shaped region in the chicken hippocampus is Neurogenic
differentiation factor or NeuroD (Fig. 6E–H, Supplementary
Fig. 4M–P). NeuroD has been reported to be expressed in the
dentate gyrus within the mouse hippocampus from embryonic
stages to the adult (Lee et al., 1995; Miyata et al., 1999). It must be
noted that in addition to being expressed in the ventral v-shaped
region of the chicken hippocampus, we observed NeuroD to be
expressed by cells adjacent to the HNZ (area between black
arrowheads, Fig. 6E–G) as well by the cells adjacent to the LNZ
(area between red arrowheads, Fig. 6E–G) from E8 to E12. The
level of expression of NeuroD in cells adjacent to the neuroe-
pithelium progressively decreases from E8 to E12 and ﬁnally
disappears at E14 (Fig. 6H) when only expression at the ventral
v-shaped region remains. This expression pattern of NeuroD in
the cells adjacent to the neuroepithelium (HNZ and LNZ) is
similar both spatially and temporally to the expression pattern
of Neuropilin2.
Two gene products namely Ets variant gene 1 (ETV1) and
Lymphoid enhancer binding factor 1 (LEF1) were found to be
expressed in the dorso-medial (DM) region of the chicken
hippocampus. In the mammalian hippocampus ETV1 expression
is enriched in the CA1 region and subiculum (Lein et al., 2004;
Yoneshima et al., 2006). The expression of ETV1 in the chicken
hippocampus was present in the DM region from E8 to E14 (area
between red arrowheads in Fig. 7A–D and Supplementary Fig. 5A–D).
LEF1 was reported to be expressed in the dentate ventricular zone in
the mouse hippocampus (Galceran et al., 2000). In the chick we
observed the expression of LEF1 to be in the developing blood vessels
embedded in the hippocampus at E8 and E10 (data not shown).
However at E12 and E14 (Fig. 7E, E0, F and F0, Supplementary Fig. 5E
and F) expression was observed in the DM region of the chicken
hippocampus in addition to the expression in the vasculature (black
arrowheads in Fig. 7E and E0).
We observed that there were several genes that were
expressed in a transitory manner with their expression shifting
to different sub-regions of the chicken hippocampus at different
Fig. 5. Genes with pan-hippocampal expression pattern in the embryonic chicken. Cryosections in the coronal plane of the embryonic chicken hippocampal region with
RNA in-situ hybridization carried out (i) to detect the expression of Neuropilin-2 at E8 (A), E10 (B), E12 (C) and E14 (D) and (ii) to detect the expression of Eph A4 at E8 (E),
E10 (F), E12(G), E14 (H). The images depict one half of the coronal section through the chicken forebrain and are oriented with lateral towards the right, medial towards the
left, dorsal towards the top and ventral towards the bottom. Scale bar¼500 mm. High magniﬁcation images of boxed region of A–H are provided in Supplementary Fig. 4
(A–H). Schematic representation of the chicken hippocampus at E8 (I), E10 (J), E12 (K) and E14 (L) with the sub-regions of the hippocampus demarcated by different colors
(see color code).
Fig. 6. Genes with expression in the ventral V-shaped region of the embryonic chicken hippocampus. Cryosections in the coronal plane of the embryonic chicken
hippocampal region with RNA in-situ hybridization carried out to (i) detect the expression of Prox1 at E8 (A), E10 (B), E12 (C) and E14 (D). (ii) Detect the expression of
NeuroD at E8 (E), E10 (F), E12 (G), E14 (H) and (iii) detect the expression of Draxin at E8 (I). In E, F and G black arrowheads denote the expression of NeuroD in the cells
adjacent to the HNZ and red arrowheads denote the expression of NeuroD in the cells adjacent to the LNZ. The images depict one half of the coronal section through the
chicken forebrain and are oriented with lateral towards the right, medial towards the left, dorsal towards the top and ventral towards the bottom. Scale bar¼500 mm. High
magniﬁcation images of boxed regions within panels A to H are provided in Supplementary Fig. 4 (I–P).
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the Bcl-2 related ovarian killer protein (BOK) which is expressed
almost throughout the chicken hippocampus at E8 and E10
(Fig. 8A and B, Supplementary Fig. 5G and H) with highest
expression at the ventral v-shaped region. However, at E12 and
E14 the expression pattern shifts slightly laterally (region
between red arrowheads in Fig. 8C and D and Supplementary
Fig. 5I and J) and the ventral v-shaped region ceases to express
BOK. In the mammalian hippocampus BOK expression is enriched
in the CA3 region of the hippocampus (Lein et al., 2004). Anothergene product Draxin, a repulsive axon guidance molecule, is
reported to be expressed widely in the developing mouse hippo-
campus (Zhang et al., 2010). In the chicken hippocampus Draxin
expression is only restricted to the ventral v-shaped region at E8
(region between red arrowheads, Fig. 8E, Supplementary Fig. 5K).
However, beginning at E10 there is an additional expression
domain in the dorso-lateral (DL) region of the hippocampus
(region between red arrowheads in Fig. 8F, Supplementary
Fig. 5L and M). At later stages such as E12 and E14 the expression
in the ventral v-shaped region progressively disappears and the
Fig. 7. Genes with expression in the DM region of the embryonic chicken hippocampus. Cryosections in the coronal plane of the embryonic chicken hippocampal region
with RNA in-situ hybridization carried out to (i) detect the expression of ETV1 at E8 (A), E10 (B), E12 (C) and E14 (D) and (ii) detect the expression of LEF1 at E12 (E) and
E14(F). Red arrowheads in C and D demarcate the expression domain of ETV1 and in E and F demarcate the expression domain of LEF1. E0 and F0 are high magniﬁcation
images of LEF1 expression domain at E12 and E14 respectively. Black arrowheads in E and F show expression of LEF1 in vasculature. The images depict one half of the
coronal section through the chicken forebrain and are oriented with lateral towards the right, medial towards the left, dorsal towards the top and ventral towards the
bottom. Scale bar¼500 mm. High magniﬁcation images of boxed region of A to F are provided in Supplementary Fig. 5 (A–F).
Fig. 8. Genes with transitory expression patterns in the embryonic chicken hippocampus. Cryosections in the coronal plane of the embryonic chicken hippocampal region
with RNA in-situ hybridization carried out to (i) detect the expression of BOK at E8 (A), E10 (B), E12 (C) and E14 (D). (ii) Detect the expression of Draxin at E8 (E), E10 (F),
E12 (G), E14 (H) and (iii) detect the expression of IGFBP5 at E8 (I), E10 (J), E12 (K) and E14 (L). In C and D red arrowheads indicate the shifting domain of BOK expression a
later stages. Red arrowheads in E and I indicate the expression domain of Draxin and IGFBP5 respectively at E8 and in F, G, H and K and L the laterally shifted domains
of expression of Draxin and IGFBP5 respectively. High magniﬁcation images from boxed area in K and L respectively showing the expression of IGFBP5 in the DL region
(K0 and L0). The images depict one half of the coronal section through the chicken forebrain and are oriented with lateral towards the right, medial towards the left, dorsal
towards the top and ventral towards the bottom. Scale bar¼500 mm. High magniﬁcation images of boxed region of A to L are provided in Supplementary Fig. 5(G–S).
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(area between red arrowheads in Fig. 8G and H, Supplementary
Fig. 5N and O). The third gene product which showed a transitory
expression pattern in the chicken hippocampus was insulin-like
growth factor binding protein 5 (IGFBP5). IGFBP5 is expressedexclusively in the dentate gyrus in the adult mammalian hippo-
campus (Lein et al., 2004). In the chick hippocampus at E8 and
E10 (Fig. 8I and J), IGFBP5 was found to be expressed in the area
corresponding to the cortical hem which is medial to the
hippocampus (region between red arrowheads in Fig. 8I,
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the cortical hem almost disappears and another domain of
expression is observed in the very lateral part of the DL region
(region between red arrowheads in Fig. 8K and L, Supplementary
Fig. 5R and S). In addition to this the expression of the chicken
ortholog of SCIP was found to be expressed in
the DL region beginning at E14 (data not shown). In the mouse
SCIP is expressed in the CA1 region at embryonic stages (Grove
and Tole, 1999).
Differential gene expression within sub-regions of the developing
chicken hippocampus
In the mouse hippocampus NeuroD and Prox1 have been
identiﬁed as genes expressed in the dentate gyrus (Galeeva
et al., 2007; Lavado and Oliver, 2007; Lee et al., 1995; Miyata
et al., 1999; Oliver et al., 1993) while Neuropilin2 and Draxin are
expressed in broader domains within the hippocampus (Chen
et al., 1997; Liebl et al., 2003). The expression pattern of these
genes in the chicken hippocampus is largely similar to that in the
mouse. In order to further characterize the expression patterns of
some of these genes and to detect any temporal and spatial
overlaps in expression among them, we carried out double
ﬂuorescent RNA in-situ hybridization to simultaneously detect
the expression of these genes within the hippocampus at different
stages of development.
Prox1 and NeuroD are expressed in the ventral v-shaped
region of the developing hippocampus in the chicken. This isFig. 9. Detection of overlap in expression domain of genes in the embryonic chick hipp
sections of the chicken hippocampus to detect the (i) expression of NeuroD1 (green) an
(green) and Prox1 (red) at E8 (E), E10 (F), E12 (G) and E14 (H), (iii) expression of Prox1 (
E14 (I), (iv) expression of ETV1 (green, in region between arrows) and Draxin (red,
expression of a proliferative cell marker, PCNA (green) at E8 (K), (vi) Expression of Hes5
(M) where the region between arrowheads denotes the HNZ and the region between
200 mm.the area proposed to be homologous to the mammalian dentate
gyrus (Atoji and Wild, 2006, 2004). Double ﬂuorescent RNA in-
situ hybridization was carried out to simultaneously detect Prox1
(red ﬂuorescent signal in Fig. 9A–D) and NeuroD (green ﬂuores-
cent signal in Fig. 9A–D) expression at E8, E10, E12 and E14 in the
chicken hippocampus. The expression of Prox1 at E8 is observed
in very few cells which are a small subset of the total number of
cells expressing NeuroD in the ventral v-shaped region at E8
(Supplementary Fig. 2A–C). Gradually more cells in the ventral
v-shaped region start to express Prox1 as observed at E10, E12
and E14 (Fig. 9B–D). By E14 almost all the cells express both
Prox1 and NeuroD (Supplementary Fig. 2D–F). However the level
of Prox1 is higher in the cells towards the medial edge of the
ventral v-shaped region whereas the level of NeuroD is higher in
the cells towards the lateral side adjacent to the neuroepithelium.
Similarly double ﬂuorescent RNA in-situ hybridization was
carried out to simultaneously detect Prox1 (red ﬂuorescent signal
in Fig. 9E–H) and Neuropilin2 (green ﬂuorescent signal in Fig. 9E–H)
expression at E8, E10, E12 and E14 in the chicken hippocampus. The
expression of Neuropilin2 is in a much broader domain encompass-
ing all the cells in the ventral v-shaped region of the hippocampus as
compared to that of Prox1, which is barely detectable in a subset
of cells expressing Neuropilin2 at the medial edge of the ventral
v-shaped region at E8 (Fig. 9E and Supplementary Fig. 3A–C). At
E10, E12 and E14 (Fig. 9F–H) the number of cells expressing Prox1
progressively increases till at E14 a large subset of the Neuropi-
lin2 expressing cells now also express high levels of Prox1
(Supplementary Fig. 3D–F).ocampus. Images of ﬂuorescent double in-situ hybridization carried out on frozen
d Prox1 (Red) at E8 (A), E10 (B), E12 (C) and E14 (D), (ii) expression of Neuropilin2
red, in region between arrowheads) and ETV1 (green, in region between arrows) at
in region between arrowheads) at E14 (J), (v) expression of NeuroD1 (red) with
(red) and PCNA (green) at E8 (L). Expression of Draxin (green) and PCNA (red) at E8
the white arrows denotes the LNZ. Scale bar (A–H) 100 mm; (I, J) 500 mm; (K–M)
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between Prox1 which is expressed in the ventral v-shaped region
of the developing hippocampus and ETV1 which is expressed in
the DM region, a double ﬂuorescent RNA in-situ hybridization
was carried out at E14 to simultaneously detect Prox1 (red
ﬂuorescent signal in Fig. 9I) and ETV1 (green ﬂuorescent signal
in Fig. 9I). Similarly to observe if there is any potential overlap in
the domains of expression between Draxin which is restricted to
the DL region of the developing hippocampus at E14 and ETV1
which is restricted to the DM region a double ﬂuorescent RNA in-
situ hybridization was carried out to simultaneously detect
Draxin (red ﬂuorescent signal in Fig. 9J) and ETV1 (green ﬂuor-
escent signal in Fig. 9J). We observed no overlap in the expression
of Prox1, ETV1 and Draxin at E14 each of which are expressed in
distinct sub-regions of the developing hippocampus e.g. the
ventral v-shaped region, the DM region and the DL region
respectively.
We found the expression of NeuroD in a zone adjacent to the
HNZ as well as the LNZ at E8 in the chicken hippocampus.
However, merely from observing the expression of NeuroD it
was not clear whether dividing cells within the neuroepithelium
of the HNZ and/or the LNZ express any NeuroD or if it is expressed
only in post-mitotic cells. In order to determine this, a double
ﬂuorescent RNA in-situ hybridization was carried out at E14 to
simultaneously detect PCNA (green ﬂuorescent signal in Fig. 9K)
and NeuroD (red ﬂuorescent signal in Fig. 9K) expression. A
striking difference can be observed in the expression of NeuroD
in the HNZ (area between white arrowheads in Fig. 9K) as
compared to that of the LNZ (area between white arrows in
Fig. 9K); while in the HNZ there is almost no overlap between the
cells that express NeuroD and those expressing PCNA there
appears to be a signiﬁcant number of cells expressing both
NeuroD and PCNA in the LNZ. To gain further insight into this
observation the above-mentioned overlap in the expression of
NeuroD and PCNA was compared to that of another gene pair
namely Hes5 and PCNA. Hes5 is reported to be expressed across
the entire ventricular zone but at higher levels in the dentate
neuroepithelium in the mouse (Pleasure et al., 2000). Double
ﬂuorescent RNA in-situ hybridization was carried out at E8 in the
chicken to simultaneously detect PCNA (green ﬂuorescent signal
in Fig. 9L) and Hes5 (red ﬂuorescent signal in Fig. 9L) expression.
There was nearly complete overlap in the expression of PCNA and
Hes5 across the entire neuroepithelium. However, there was a
striking difference between the HNZ and the LNZ as Hes5
appeared to be expressed at signiﬁcantly higher levels in the
neuroepithelium of the HNZ (area between white arrowheads in
Fig. 9L) as compared to the LNZ (area between white arrows in
Fig. 9L). Lastly we examined the expression of a putative marker
for differentiated hippocampal cells, Draxin, with PCNA for
detecting any potential overlaps. Double ﬂuorescent RNA in-situ
hybridization was carried out at E8 to simultaneously detect
PCNA (red ﬂuorescent signal in Fig. 9M) and Draxin (green
ﬂuorescent signal in Fig. 9M) expression. It was observed that
PCNA and Draxin are expressed in mutually exclusive domains.
Birthdating of Prox1-expressing cells and determining
their place of origin
The chicken hippocampus is morphologically quite distinct
from the mouse hippocampus (see Fig. 1 for comparison).
The ventral v-shaped region in the chicken has been proposed
to be homologous to the DG of the mouse on the basis of earlier
studies. This is supported by the expression of Prox1 within the
ventral v-shaped region reported in this manuscript. In the
mammalian hippocampus Prox1-expressing cells originate from
the dentate neuroepithelium and migrate tangentially to populatethe dentate gyrus (DG) thus their birthplace e.g. the neurogenic
zone producing these cells as well as their migratory path is well
characterized. However, the same cannot be said for Prox1-
expressing cells of the chicken hippocampus because neither
their place of origin nor the day they were born are known. We
carried out the following experiment to determine the time
window when Prox1-expressing cells are generated. Cumulative
labeling of the dividing cells of forebrain was carried out by
injecting EdU into embryos at three different stages e.g. HH stage
29 (E6), HH stage 34 (E8) and HH stage 36 (E10) and the embryos
were harvested when they reached HH stage 40 (E14). This
labeling method followed by Prox1 antibody staining on sections
of the forebrain from these embryos was used to identify the
cohort of cells that are generated between E6 and E10 which also
express Prox1 by the time they reach E14. Our observations of the
hippocampal sections labeled with EdU followed by Prox1 immu-
nohistochemistry revealed the following: (1) in the forebrain of
embryos labeled with EdU at E6 majority of the EdU labeled cells
also express Prox1 and the double-labeled cells were distributed
throughout the width of the section from the hippocampal region
(Fig. 10C). (2) In the hippocampus labeled with EdU at E8 a much
smaller number of the cells labeled with EdU were found to also
express Prox1 and the double-labeled cells were distributed
within a stripe close to the HNZ (Fig. 10D). (3) In the hippocampus
labeled with EdU at E10 very few cells were found to be double-
labeled with EdU as well as anti-Prox1 antibody and they were
found to be very close to the HNZ (Fig. 10E).
In order to ﬁnd out whether the cells expressing Prox1 indeed
arise from the HNZ and migrate radially to occupy their ﬁnal
position, we performed organotypic slice culture of chicken
forebrain as described previously in this manuscript followed by
Prox1 immunohistochemistry. In this experiment the DNA for the
construct pCAG-GFP was injected into the lateral ventricles of HH
stage 29 (E6) forebrain and the direction of electroporation was
such that the cells of the HNZ incorporate pCAG-GFP (Fig. 10F).
The electroporated brain slices were cultured for 5 days followed
by immounohistochemistry for Prox1. We observed a signiﬁcant
number of cells within the slice which were double-labeled with
GFP as well as Prox1 (Fig. 10F0). On quantiﬁcation we observed
that approximately 10% of the Prox1-labeled cells also expressed
GFP. As this proportion of Prox1 expressing cells that were labeled
with GFP was still low we performed the following experiment:
all dividing cells were labeled by injecting EdU in the egg at HH
stage 29 (E6). The embryo was harvested 4 h after the injection and
slices were prepared from the forebrain. For each of these slices, on
the right half of the slice only the hippocampal region was retained
and the ventral portion of the slice was removed (removed region
denoted by dashed line in Fig. 10G) while the left half of the slice
was left intact. This slice was cultured for 6 days followed by
detection of EdU and Prox1 immunohistochemistry. This experi-
ment was repeated twice and the percentage of Prox1 expressing
cells that were also labeled with EdU was quantiﬁed on the right
half as well as the left half of each slices from three different
embryos (Fig. 10J). On the right side of the slice which contained
only the hippocampal region approximately 27% percent of Prox1
expressing cells were EdU labeled (Fig. 10I). On the left half of the
slice which was intact approximately 31% of the Prox1 expressing
cells were labeled with EdU (Fig 10H).Discussion
This study was aimed at the systematic and comprehensive
characterization of the developing chick hippocampus to provide
insight into the origin, production, survival, migration and differ-
entiation of chicken hippocampal neurons. In the mammalian
Fig. 10. Birthdating and place of origin of Prox1 expressing cells. Schematic showing the coronal section of E14 forebrain where boxed area indicates the ventral v-shaped
region of the hippocampus (A). Schematic of the experiment design for birth dating of Prox1 neurons (B). Birth-date of Prox1 expressing cells was determined by
cumulative labeling of hippocampal neurons by EdU and harvesting the brain at E14. EdU detection was performed on sections of E14 brain followed by Prox1 antibody
staining. Images of the sections from the hippocampus which were injected with EdU at E6 (C) at E8 (D) and at E10 (E) with inset showing the EdU and Prox1 double
positive cells. Schematic of chicken forebrain showing the electroporated region (green in F) and Prox1 expression domain (red in F). Place of origin of Prox1 cells were
determined by electroporating the HH (E6) HNZ with pCAG-GFP followed by organotypic slice culture. Confocal maximum projection image of cultured forebrain slice
showing the double labeling of cells where Prox1 expression is in red and GFP is in green (F0). Schematic of the experimental design for determining the birth place of Prox1
expressing neurons (G), in right half of the slice, ventral part is removed (marked by dotted line) while left half of slice is intact. Image of Edu and Prox1 double-labeled
cells on cultured unmanipulated left half of the slice (H) and on the manipulated right half of the slice (I). Quantiﬁcation of the percentage of Edu and Prox1 double positive
cells in left and right halves of the slices (J). Scale bar in C, D, E¼50 mm and in F0 , H, I¼150 mm.
HNZ
LV
LNZ
Fig. 11. Comparison of the migration paths in the mammalian and avian hippocampus. (A) Schematic representation of the embryonic mammalian hippocampus depicting
the origin and migration path followed by hippocampal neurons from different sub-regions. (NE) Neuroepithelium and (DG) dentate gyrus. Black curved arrows show the
migratory path followed by DG neurons and black downward pointing arrows show the migratory path followed by neurons destined for the CA-ﬁelds. (B) Schematic
representation of the embryonic avian hippocampus depicting the origin and migration path followed by hippocampal neurons. (LV) Lateral ventricle, (HNZ) hippocampal
neurogenic zone and (LNZ) lateral neurogenic zone. Red arrows indicate migratory path followed by neurons produced in the HNZ and yellow arrows indicate migratory
path followed by neurons produced in the LNZ.
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generated in a neurogenic region adjacent to the Ammon’s horn
primordium (Altman and Bayer, 1990b). These neurons after birth
undergo radial migration to occupy their ﬁnal position in the
Ammon’s horn of the mature hippocampus (black downward
pointing arrows, Fig. 11A) (Altman and Bayer, 1990c). The dentate
gyrus neurons on the other hand are generated in a separate
neurogenic zone (Altman and Bayer, 1990b) ventral to the
ammonic neurogenic region and migrate tangentially to occupy
their ﬁnal positions in the mature dentate gyrus (black curvedarrows, Fig. 11A) (Altman and Bayer, 1990a). Till date the identity
of the neurogenic zone that gives rise to most of the chicken
hippocampal neurons has not been established. Based on previous
studies it can be predicted that perhaps the hippocampal inter-
neurons in the chick originate from the subpallium and migrate
tangentially to occupy their ﬁnal positions within the hippocam-
pus (Cobos et al., 2001). However no study has been carried out
speciﬁcally to determine the origin and migration path of the
neurons within the hippocampus. Thus in the chicken the
neurogenic zone lining the medial wall of the lateral ventricles
S. Gupta et al. / Developmental Biology 366 (2012) 125–141 137adjacent to the developing hippocampal primordium (HNZ in
Fig. 11B) or the neurogenic zone lining the lateral wall of the
lateral ventricles (LNZ in Fig. 11B) is equally likely to be the source
of these hippocampal neurons. We devised an embryonic forebrain
slice culture-based, cell-tracking method to resolve this issue and
to establish the origin of chicken hippocampal neurons. After
following the migration of GFP-expressing cells within the slice
cultures from embryonic chicken forebrains at E8 we found that
majority of the chicken hippocampal neurons (excluding the
interneurons) appear to originate in the HNZ and undergo radial
migration to reach their ﬁnal position within the developing
hippocampus (red arrows, Fig. 11B). We cannot absolutely rule
out the possibility that within the plane of the slice a few
hippocampal neurons may originate in the LNZ and undergo
tangential migration in order to reach their ﬁnal position within
the chicken hippocampus. However, it is likely to be a very
insigniﬁcant number between E8 and E12. To address the possibi-
lity that later migration of cells may result in incorporation of cells
from the LNZ to the hippocampal region by tangential migration
within the plane of the slice we carried out the electroporation of
pCAG-GFP followed by slice culture at later developmental time
points e.g. E10, E12 and E15 (data not shown). As there was very
little radial migration observed at E10, therefore such tangential
migration from the LNZ at developmental stages later than E8 is
likely to be a rare event. Thus at least within the plane of the slice,
radial migration from the HNZ appears to be the major source of the
hippocampal neurons. Wewould like to emphasize that this method
of electroporation followed by slice culture cannot detect any
tangential migration of cells from neurogenic zones that lie outside
the plane of the slice leaving open the possibility of some tangential
migration contributing to the hippocampal neurons as well.
The mouse dentate gyrus granule neurons that express Prox1
originate in a separate neurogenic zone ventral to the neurogenic
zone that produces the neurons of the CA ﬁelds. These cells thus
undergo tangential migration to reach their ﬁnal position within
the dentate gyrus. We wanted to investigate the place of origin of
the Prox1 expressing neurons within the chick hippocampus to
determine whether their migration path is radial or tangential.
To do this we ﬁrst carried out an experiment for determining the
date of birth of Prox1 expressing cells by EdU-labeling of embryos
at E6, E8 and E10 and harvesting each at E14 followed by
immunohistochemistry for Prox1. It was observed that only at
E6 majority of the Prox1 expressing cells were labeled with EdU
(Fig. 10C). This indicated that cells that express Prox1 are born
earlier than E6 and they turn on Prox1 expression about four days
after they exit the cell cycle i.e. at E8 when Prox1 expression can
ﬁrst be detected. In the embryos where EdU labeling was carried
out at E8 the number of cells that were labeled with EdU and also
expressed Prox1 was dramatically reduced and also these double-
labeled cells were located in a stripe close to the HNZ (Fig. 10D).
While in the embryos where EdU labeling was carried out at E10
there were very few cells labeled with EdU expressing Prox1 and
were located adjacent to the HNZ (Fig. 10E). The results of the
cumulative EdU labeling of E6, E8 and E10 embryos showing EdU
and Prox1 double-labeled cells being progressively restricted
towards the HNZ seem to be in accordance with the ‘‘outside
in’’ pattern of neurogeneis found in birds.
In order to speciﬁcally locate the neurogenic zone that pro-
duces the Prox1-expressing cells in the chicken hippocampus,
brain slices from E6 forebrains were electroporated with pGAG-
GFP where the electrodes were placed such that cells in the most
medial region of the HNZ take up pCAG-GFP. After culturing the
slices for ﬁve days followed by immunohistochemistry for Prox1
it was observed that within each slice approximately 10% of the
cells that were labeled with Prox1 also expressed GFP (Fig. 10F0).
While cumulative labeling with EdU at E6 resulted in majority ofthe Prox1 expressing cells being labeled with EdU the electro-
poration of pCAG-GFP at E6 resulted in only 10% of the Prox1
expressing cells being labeled with GFP. This difference in the
proportion of Prox1 expressing cells labeled with EdU and
the proportion of Prox1 expressing cells labeled with GFP may
be attributed to following: (1) the electroporation of pCAG-GFP is
similar to pulse labeling and hence would label fewer cells as
compared to cumulative labeling with EdU and (2) not all cells in
the electroporated region take up pCAG-GFP. Thus to speciﬁcally
label a greater proportion of cells within the HNZ at E6 the
following experiment was carried out. Embryos at E6 were
labeled in-ovo for 4 h with EdU followed by harvesting and
generation of slices. Subsequently in the right half of each slice
only the hippocampal region was retained and the rest cut away
and removed while the left half of the slice was kept intact
(Fig. 10G). These slices were cultured for 6 days followed by Prox1
immunohistochemistry. It was found that within each slice, the
right half, which only contained the hippocampal region, approxi-
mately 27% of the Prox1 expressing cells were labeled with EdU
and on the left side of the slice which was left intact approxi-
mately 31% of the Prox1 expressing cells were labeled with EdU
(Fig. 10J). As the proportion of Prox1 expressing cells that also
were labeled with EdU is comparable in both halves of the
hippocampal slice this lends additional support to the notion
that majority of the Prox1 expression cells originate within the
HNZ and undergo radial migration to reach their ﬁnal position
within the chicken hippocampus. Thus the migratory path fol-
lowed by most of the Prox1 expressing cells of the chick hippo-
campus is markedly different from the migratory path followed by
the Prox1 expressing dentate granule neurons in the mouse.
In a previous study birth-dating of the neurons that comprise
the chicken telencephalon has been carried out by tritiated
thymidine labeling of the embryonic chicken brain (Tsai et al.,
1981). This has demonstrated that most neurons of the chick
telencephalon are born within embryonic days four and nine. This
study also reported that the neurons of the telencephalon are
generated in an ‘‘outside-in’’ manner which is distinct from the
‘‘inside-out’’ pattern of generation of the mammalian cortex.
In another more recent study it was demonstrated through
pulse-labeling of the developing chick telencephalon with the
thymidine analog Bromodeoxyuridine (BrdU) that in some
regions of the brain the ‘‘outside-in’’ pattern of neurogenesis
may not be occurring as younger neurons were observed to have
migrating past older cells (Striedter and Keefer, 2000). We have
systematically studied cell proliferation in the neurogenic zone
that gives rise to chicken hippocampal neurons and we have also
directly compared the proliferation within the HNZ and the LNZ
and have observed the following: (1) at any stage between E8 and
E12 the number of proliferating cells within the HNZ is consider-
ably lower than the number of proliferating cells in the LNZ and
this difference is signiﬁcant across the anterior–posterior extent
of the hippocampus at E8 and E10. (2) However the Lateral HNZ
has many more proliferating cells as compared to the medial HNZ
within each section at E8 but this difference between the medial
and lateral HNZ of each section is gone by E10. (3) Proliferation
ceases earlier within the HNZ as compared to the LNZ. Taken
together this means that neurogenesis occurs at a lower rate in
the HNZ and the generation of the hippocampal neurons is
complete earlier than the generation of neurons of the lateral
and ventral pallium. This maybe a reﬂection of the fact that as
compared to the LNZ which generates a larger number of neurons
that populate the entire lateral and ventral pallium, fewer
neurons are generated in the HNZ that populate the hippocampus
and the APH.
Apoptosis is known to occur mostly in postmitotic neurons
that are in the process of establishing synaptic connections (Buss
S. Gupta et al. / Developmental Biology 366 (2012) 125–141138et al., 2006; Clarke et al., 1998). However some apoptosis has also
been observed to occur in proliferating progenitors of neurons
(Gohlke et al., 2004; Nikolakopoulou et al., 2006; Thomaidou
et al., 1997; Wilkie et al., 2004). One study aimed at identifying
apoptosis within the proliferating cells in the developing CNS
reported the clustering of apoptotic cells in speciﬁc regions of the
embryonic chick forebrain including the hippocampal primor-
dium at E6.5 and E7.5 (Charvet and Striedter, 2008). However,
there is no data available on programmed cell death at later
stages in the chicken hippocampus. In order to comprehensively
study apoptosis in the developing chick hippocampus we carried
out TUNEL labeling in the chick forebrain at every embryonic day
between E5 and E14. We only observed signiﬁcant numbers of
TUNEL positive cells at E6. One day before and after E6 e.g. at E5
and E7 there were very few apoptotic cells. This observation is
slightly different from that of Charvet et al. who observed
signiﬁcant numbers of apoptotic cells at E6.5 and E7.5. These
differences could be attributed to differences in staging and/or to
differences in sensitivity of the TUNEL assay in each case. Since
we were unable to detect signiﬁcant levels of apoptosis at later
stages up to E14 we conclude that programmed cell death does
not play a signiﬁcant role in determining the numbers of
hippocampal neurons till E14. However, we cannot rule out the
possibility that apoptosis may occur at stages later than E14.
One goal of this study was to identify genes that are speciﬁ-
cally expressed in proliferating hippocampal progenitors as well
as in postmitotic hippocampal neurons undergoing differentiation
in the chick hippocampus. Such genes could either be markers of
the various stages of differentiation of hippocampal neurons or
could be functionally critical genes that are involved directly in
regulating hippocampus development. In either case, identiﬁca-
tion of such genes would be instrumental in understanding the
molecular mechanisms that regulate proliferation, migration and/or
differentiation of hippocampal neurons. Our strategy for identifying
genes expressed speciﬁcally in the developing chicken hippocampus
was based on screening for expression of candidate genes which
were the chicken orthologs of genes expressed in the embryonic and
adult mouse hippocampus.
Among the thirty seven genes expressed in the mouse hippo-
campus only thirteen are expressed at embryonic stages (marked
by an asterix in column 1 of Supplementary Table 1) while the
other twenty four genes are reported to be expressed in the adult
mammalian hippocampus alone. Thus our ﬁnding that the
chicken orthologs of many of these potentially adult mammalian
hippocampal markers are not expressed in the embryonic chicken
hippocampus may not be surprising. In fact we found that chicken
orthologs of a signiﬁcant number of the thirteen embryonic
mammalian hippocampus markers e.g. nine out of thirteen to
be expressed in the chicken hippocampus at embryonic stages.
Chicken orthologs of ten genes (highlighted in blue in
Supplementary Table 1) had speciﬁc expression patterns within
the developing chicken hippocampus of which seven genes show
an expression pattern similar to their mouse orthologs. For
example (1) EphA4 and Neuropillin2, which are expressed across
the entire hippocampus in chicken as well as mouse, (2) Prox1
and NeuroD which are expressed within similar sub-regions of
the mouse and chicken hippocampus, (3) Draxin which is broadly
expressed in the mouse hippocampus has a shifting expression in
different regions across the chicken hippocampus and (4) BOK
and ETV1, both of which are expressed in the CA ﬁelds of adult
mammalian hippocampus, are expressed in the DM and DL
regions of the chicken which have been proposed to be homo-
logous to the CA ﬁelds of the mammalian hippocampus. In
addition to this chicken orthologs of some other genes such as
Hes1, Tbr2 and FGFR1 (highlighted in green in Supplementary
Table 1) show similarity in expression patterns to that in themouse. It is worth noting that of all the markers expressed both in
the embryonic mammalian hippocampus and the embryonic
chick hippocampus only LEF1 exhibits a different expression in
the embryonic chicken as compared to the embryonic mouse
hippocampus.
It is also true that three mouse embryonic hippocampal
markers namely Id3, KA1 and Lhx9 are not expressed in the
embryonic chicken hippocampus. The expression pattern of
IGFBP5 and Ly6e has only been studied in the adult mammalian
hippocampus. The chicken orthologs of these two genes were
found to be expressed within the developing chicken hippocam-
pus albeit in a different region as compared to the adult mam-
malian one. However, in the absence of information about the
expression patterns of these genes in the embryonic mammalian
hippocampus it is not possible to speculate whether they show
conservation in their expression patterns between the chicken
and mouse.
Thus while there appears to be conservation both in the
expression and pattern of expression of some genes in the
developing hippocampus between the mouse and chick there
are several genes that show differences in the expression pattern
between the mouse and the chick. The signiﬁcance of these
observations is not immediately apparent. This is so because the
function of most of these genes expressed in the hippocampus is
not known. It is not known which of these genes function as fate-
speciﬁcation factors and which simply are markers of differen-
tiated cells. In fact the handful of genes whose function is partially
characterized in the developing mouse hippocampus, such as
Prox1, NeuroD and Neuropilin, show conserved expression pat-
terns in the chicken suggesting that at least some of the molecular
mechanisms regulating hippocampus development are likely to
be conserved between mammals and birds. Functional character-
ization of the genes expressed speciﬁcally within the developing
chicken hippocampus will provide further insight into the degree
of conservation in the mechanisms of development and differ-
entiation of the mammalian and avian hippocampus.
There are a couple of models that provide evidence in support
of different sub-regions of the chicken hippocampus being homo-
logous to the mouse dentate gyrus (DG), the CA-ﬁelds etc. In order
to perform a comparative analysis of the development of the
subregions of hippocampus of the mouse and chicken we ﬁrst
examined the expression of Prox1. This is one of the earliest
markers known to be expressed speciﬁcally in the developing DG
of the mouse hippocampus (Bagri et al., 2002). We examined the
expression of Prox1 in the chicken at all developmental stages
starting from E6 till E16 and found that the onset of expression is
in a small region in the ventral v-shaped region of the developing
hippocampal primordium at E8. On the basis of the onset of
expression of Prox1 at E8 we propose that embryonic day 15.5
(e15.5) in mouse is the comparable stage to E8 of chicken in terms
of hippocampus development (Fig. 12A and B). In our study we
observed that the expression patterns of some genes in the
developing chick hippocampus only partially support the model
where the ventral V-shaped region of the chicken hippocampus is
homologous to the mouse DG, while the DM region in the chicken
is homologous to the CA-ﬁelds and the subiculum in the mouse
(Atoji and Wild, 2006, 2004). Among the ﬁve genes expressed
speciﬁcally within the embryonic mouse DG namely Prox1,
NeuroD, LEF1, Lhx9 and Id3, we found the chicken orthologs of
two genes namely Prox1 and NeuroD (Fig. 12C) to be expressed in
the ventral v-shaped region of the chicken hippocampus
(Fig. 12D). However the same was not observed for the chicken
orthologs of the genes expressed in the mouse CA-ﬁelds. Our data
thus provides molecular evidence for only the ventral v-shaped
region of the chicken hippocampus being homologous to the
dentate gyrus of the mouse while there is insufﬁcient molecular
Fig. 12. Comparison of the migration paths of Prox1 expressing cells in early mammalian and avian hippocampus and gene expression patterns in the embryonic
mammalian and avian hippocampus. (A) Schematic representation of E15.5 mouse hippocampus showing the tangential migratory path of Prox1 expressing cells from the
neuroepithelium (green line). Low power schematic of coronal section of E15.5 mouse forebrain shown in top right corner where boxed region indicates the position of
hippocampus. (B) Schematic representation of E8 chicken hippocampus showing the radial migratory path of Prox1 expressing cells from the neuroepithelium (green).
Low power schematic of coronal section of E8 chicken forebrain in top right corner where boxed region indicates the hippocampal region depicted in the magniﬁed
schematic below. (C) Schematic representation of the embryonic mammalian hippocampus depicting the gene expression patterns in different sub-regions. (NE)
Neuroepithelium and (DG) dentate gyrus. (d) Schematic representation of the embryonic avian hippocampus depicting the gene expression patterns in different sub-
regions. (NE) Neuroepithelium and (DM) dorso-medial and (DL) dorso-lateral regions.
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and the DM region of the chick hippocampus. This indicates that
our data only partially supports the model proposed by Atoji and
Wild for structural homology between the mammalian and avian
hippocampus.
The present study has also identiﬁed speciﬁc gene expression
patterns associated with sub-domains within the chick hippo-
campus. For example, there appears to be distinct populations of
cells within the ventral v-shaped region (homologous to the
mouse DG) which differ with respect to the expression levels of
Prox1 and NeuroD. Towards the medial side of the ventral
v-shaped region cells express high levels of Prox1 and compara-
tively lower levels of NeuroD whereas towards the lateral side
cells express higher levels of NeuroD and lower levels of
Prox1.This may be a reﬂection of cells in the medial arm of the
v-shaped region being functionally distinct from those of the
lateral arm. In addition to this within the DM region ETV-1
appears to be expressed in a broader domain than Lef1. This
could indicate that there are further sub-domains within the DM
region. The expression domains of genes within the DL region are
also quite variable. For example, the expression domain of Draxin
at later stages such as E12 and E14 seems to be quite distinct from
that of IGFBP5 and BOK at similar stages although all of them are
within the DL region of the chicken hippocampus. We also
observed that Hes5 showed signiﬁcantly higher levels of expres-
sion in the HNZ as compared to the LNZ. This is similar to the fact
that Hes5 although expressed in the entire mouse ventricular
zone showed higher levels of expression in the dentateneuroepithelium (Pleasure et al., 2000). This taken together with
the fact that the amount and time window of cell proliferation in
the HNZ is quite different from the LNZ may indicate that the HNZ
has molecular characteristics that distinguish it from the LNZ.
Further investigation of the expression patterns of these genes at
later embryonic stages and in the adult chicken hippocampus
would lead to precise correlation of the expression domains of
these genes with the functional and morphological sub-domains
of the adult chick hippocampus.
In conclusion this study has provided signiﬁcant insight into
various aspects of development of the chicken hippocampus. We
have obtained a comprehensive idea about the time period of cell
proliferation within the hippocampal neurogenic zone and how
this compares to the time period as well as the quantity of
proliferation in the rest of the neuroepithelium i.e. the lateral
neurogenic zone. We have also obtained a comprehensive view
about the time window and the extent of programmed cell death
that exists within the hippocampal primordium. Our study has
yielded a number of genes that show conserved patterns of
expression in the developing hippocampus of the mouse and
the chicken. These conserved gene expression patterns provide
the ﬁrst molecular evidence for the homology between the
mammalian dentate gyrus and the ventral v-shaped region of
the chicken hippocampus. We have also demonstrated that a
large proportion of the Prox1 expressing cells of the chicken
hippocampus are likely to orginate within the HNZ and undergo
radial migration to reach their ﬁnal destination. Based on all of
this the following can be done in future to further understand the
S. Gupta et al. / Developmental Biology 366 (2012) 125–141140molecular mechanisms regulating chick hippocampus develop-
ment: (1) these genes can be used as markers of different sub-
division of the developing hippocampus to study the effect of
perturbing various genetic pathways during hippocampus devel-
opment and (2) the potential role of these genes in the develop-
ment of the chicken hippocampus can be deciphered by carrying
out misexpression or RNAi-mediated knockdown studies. This
study has thus initiated the process of characterization of the
chicken hippocampus and revealed that some of the molecules
that are expressed in the mouse also show conserved expression
in the chicken. However there appear to be some key differences
between the two species as evidenced by the lack of conservation
of expression patterns of several genes particularly those
expressed in the CA ﬁelds of the mouse. It is quite possible that
there may not be any molecular homology between the CA ﬁelds
of the mouse and the functionally equivalent region of the chick.
The signiﬁcance of this will only be revealed through further
functional characterization. Thus the stage has been set to
establish the chicken as a useful model system in future for
studying avian hippocampus development.Acknowledgments
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